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ABSTRACT
This experiment studied the ecology of the sacoglossan Alderia modesta and its
ability to retain active chloroplasts from Vaucheria spp. Field surveys found no A.
modesta, because Vaucheria spp. was absent or sparse in surveyed marshes. A grass
removal experiment tested whether interspecific competition was causing the lack of
alga. The alga appeared in some plots, but was not sufficient to promote A. modesta
settlement. The absence of Vaucheria spp. is likely due to factors other than competition.
Lack of animals prevented laboratory studies.
Placida dendritica and its food Codium fragile were then chosen for ecology and
photosynthesis studies. Field surveys indicated year-round presence, greatest abundance
in summer, and preferential larval settlement on larger Codium fragile thalli.
Photosynthetic potential was evaluated through oxygen consumption, growth, and
phototaxis experiments. Oxygen consumption and growth showed inactive chloroplasts
from C. fragile, but behavior indicated the possibility for active chloroplasts from other
algal species.

viii

INTRODUCTION
General Information
Sacoglossans (Mollusca, Opisthobranchia) are herbivorous sea slugs, found in
marine environments throughout the world. They are typically small; only one to three
centimeters long as adults (Jensen 1997). Most are exclusively subtidal, although there
are a few species that have become adapted to live in intertidal habitats as well (Bleakney
1996; Jensen 1997; Williams et al. 1999). They are perhaps best known for harboring
functional chloroplasts, taken from their food sources, in their own tissues and then
gaining nutritional benefit from these stolen plastids (Trench 1975). A wide range of
research has focused on this adaptation (termed kleptoplasty), and its effects on the
animals' behavior, feeding, histology, and genetics (Greene et al. 1972; Hinde et al.
1975; Jensen 1980; Weaver et al. 1981; Mujer et al. 1996).
Taxonomy
A recent review by Jensen (1996) reveals that the order Sacoglossa is comprised
of nearly 40 genera and over 250 species. Currently there are two major unranked clades
within the Sacoglossa; the shelled Oxynoacea and the non-shelled Placobranchacea. The
Placobranchacea is further divided into the parapodia-bearing Placobranchoidea and
cerata-bearing Limapointoidea. Further classification and grouping becomes difficult due
lack of accurate descriptions, outdated analyses and the scarcity of many species, and
there are conflicting theories as to the placement of several genera (Clark et al. 1978;
Jensen 1996, 1997; Maeda et al. 2010).
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Reproduction and Population Dynamics
Most sacoglossan species live for less than one year, during which time they mate
and lay eggs continuously (Jensen 1997). They are all simultaneous hermaphrodites that
mate via hypodermic insemination, and one mating is sufficient to fertilize several
clutches of eggs (Seelemann 1967), thus allowing a relatively small number of adults to
produce a very large quantity of eggs. Larvae are planktonic and will usually settle and
metamorphose on the preferred food in response to surface-borne or water-soluble
carbohydrate cues (Krug et al. 1999). As a result, any variation in abundance of the prey
algae will result in a similar variation in the abundance of the animals. Sacoglossans, as
well as their food, have seasonal variations in abundance; some appearing only at certain
times of the year, and not all of them are present in a given location from year to year
(Clark 1975).
Physiology
Sacoglossans have several features that distinguish them from other
Opisthobranchs. They are all herbivorous suctorial feeders, and they all have a barrelshaped muscular pharynx that is an adaptation for their preferred feeding method. They
also have a uniseriate radula ending in a sac that accumulates damaged and worn out
teeth throughout the life of the animal (Jensen 1996). Sacoglossans have a highly
branched digestive tract that extends throughout their entire body. When unfed or starved,
most sacoglossans are pale and translucent. The coloration seen in the wild comes from
the pigments taken from various algae, a process termed 'nutritional homochromy'
(Jensen 1997). Some of this pigment comes in the form of intact chloroplasts (Taylor
1968; Trench et al. 1973).
2

Feeding
Jensen (1980) reviewed the diets of about sixty sacoglossans and found that most
(about forty species) feed on algae of the order Siphonales, with about twenty on the
genus Caulerpa Lamouroux. Of the remaining species, most feed on algae that are
coenocytic (composed of one large cell), have very large cells, or have very thin cell
walls. Only a relatively few species have been reported to eat more 'exotic' diets such as
opisthobranch eggs (which are somewhat similar to coenocytic algae in structure and
consistency), vascular plants, rhodophyceae, or diatoms (Clark 1975; Jensen 1980;
Bleakney 1996; Jensen 1996). While the diet of sacoglossans was once assumed to be
restricted to one or very few prey species, like that of many opisthobranchs (Harris 1973),
most reports of diet specificity are based on observed associations between the animals
and alga that they were collected on, and more laboratory studies are needed to clarify
these relationships (Jensen 1980). Diet switching among adults is possible, albeit not
preferred (Trowbridge 1991a, 2004). The feeding specificity of adult slugs is likely due
to morphological changes in the radular teeth that allow easier feeding on one algal
species (Jensen 1983; Bleakney 1990).
Kleptoplastv
Taylor (1968) was the first to describe the presence of intact chloroplasts, taken
from the food source, in the cells lining the digestive tract of Elysia viridis Montagu. It
was theorized that these stolen chloroplasts were providing some benefit to the animal. It
was soon proven that photosynthetic products were being transferred from the
chloroplasts to chloroplast-free tissues (Trench et al. 1969).
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Kleptoplasty is now known to be widespread in Sacoglossans, particularly among
the Plachobranchoidea (Clark et al. 1990). Kleptoplasty has also been observed in
dinoflagellates, ciliates, and foraminiferans, but sacoglossans are the only true animals
known to possess this ability (Rumpho et al. 2007). As the slugs ingest the cellular
contents of algae, they separate the chloroplasts from the rest of the cytoplasm and then
store the plastids within the cells lining the digestive tract. The chloroplasts continue to
function, providing food and oxygen to the new host; the hosts become temporarily
photoautotrophic. Sacoglossans have a branched digestive gland that distributes the
chloroplasts throughout the animal's body, and their shape helps to maximize exposure to
sunlight. The length of time that sequestered chloroplasts retain their function depends on
both the species of algae, and the species of sacoglossan. Some chloroplasts retain no
detectable function after a few hours, while others are maintained for many months
(Clark et al. 1981; Clark et al. 1990).
The potential for autotrophy has been investigated in many sacoglossan species,
using a variety of approaches including; carbon isotope uptake, isotopic ratio
comparisons, growth rate studies, electron microscopy, pulse amplitude modulated
(PAM) fluorometry, and oxygen consumption, (Hinde et al. 1975; McLean 1976; Raven
et al. 2001; Wagele et al. 2001; Gimenez-Casalduero et al. 2006,2008; Evertsen et al.
2009; Vieira et al. 2009; Curtis et al. 2010). Pigment analysis has also provided clues as
to the presence of functional proteins from the photosynthetic pathway (Taylor 1968;
Trench 1975). Each of these methods has proven to be useful in investigating
kleptoplasty, but each has its limitations as well; electron microscopy can only determine
if the chloroplasts are structurally intact; isotope studies and comparative growth rates
4

only yield positive results if the Calvin cycle is active; PAM fluorometry only detects the
functional components of photosystems I and II; oxygen consumption can only measure
the function of photosystem II. Since molecular systems may degrade at different rates, it
is possible that any particular species will show a mix of negative and positive results
(Trench 1975).
The ability to obtain energy from the sun has also led to behavioral changes in
sacoglossans. Being very small and vulnerable to predation, sacoglossans would be
expected to avoid bright light that would make them more visible to predators. It is well
known, however, that motile photoautotrophic organisms will actively seek out light
sources (Armitage et al. 2005). Thus, it is expected that sacoglossans harboring
functional chloroplasts should do the same (Weaver et al. 1981). Intense light, however,
can damage the pigments and other molecules that carry out photosynthesis (Long et al.
1994). When placed under intense light, Elysia timida Risso curls its parapodia and
attempts to move out of the light in an apparent attempt to reduce photoinhibition (Rahat
et al. 1979; Monselise et al. 1980). Chloroplasts in Costasiella ocellifera Simroth
(formerly Costasiella lilianae), a limapointoid sacoglossan, become light saturated at
relatively low irradiance levels, but do not become inhibited at high irradiance,
suggesting some sort of behavioral adaptation for the Limapointoidea as well (Clark et al.
1981).
Objectives
My project began as a combination of field and laboratory investigations focused
on Alderia modesta Loven. After initial collections in 2009 and early 2010, it was not
found during any subsequent field surveys. A new animal was selected for field and lab
5

work with the intention of making comparisons to A. modesta once it was found again.
Field investigations for A. modesta continued throughout this time, and an experiment
was initiated to explain the absence of Vaucheria spp. Candolle.
Placida dendritica Alder & Hancock was selected as the subject for further for
field and for laboratory investigations because it was readily available, and it became the
sole focus of my experiments. Field work looked at the population fluctuations of P.
dendritica. Laboratory work evaluated the potential for chloroplast with short- and longterm experiments and a possible behavioral indicator of functional kleptoplasty.
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CHAPTER I. STUDIES OF ALDERIA MODESTA
Introduction
Alderia modesta Loven is a limapointoid sacoglossan. It is a cosmopolitan species
that can be found in salt marshes along the temperate coasts of North America on mats of
the yellow-green algae Vaucheria spp. Candolle (Bleakney 1996). Adults are typically
between five and eight millimeters long. They have small (almost absent) rhinophores
and several pairs of cerata extending dorsolaterally along the posterior two thirds of their
body (Bleakney 1996). Unlike most limapointoids, whose cerata serve solely as
extensions of the digestive gland, those of A. modesta are wider and contain a blood
vessel. In addition to increasing surface area, the cerata act in place of the heart (which is
absent in adults). They alternate contracting and expanding from one side to the other to
move blood and other fluids throughout the body.
Egg masses from Alderia modesta are usually deposited directly on Vaucheria
spp. mats (Bleakney et al. 1967), and veliger larvae hatch within two weeks, depending
on ambient temperature (Seelemann 1967). In most cases the larvae are planktotrophic,
but some populations can switch from laying eggs with planktotrophic development to
eggs with lecithotrophic development in response to environmental factors, such food
scarcity (Krug 1998). Larvae are planktonic for approximately 35 days before settling on
Vaucheria spp., although settlement can be delayed significantly in the absence of
suitable algal substrate (Seelemann 1967).

7

Alderia modesta prefers sloped banks of creeks rather than flat areas. It is also
more common in marshes with muddy substratum, rather than sand or gravel (Bleakney
et al. 1967). It can tolerate wide ranges of temperature and salinity, as well as exposure
during low tides (Vader 1981). During winter, A. modesta can survive beneath ice cover
of marsh pools (Bleakney et al. 1967; Vader 1981), although it can also survive on
Vaucheria spp. mats in air temperatures below freezing as long as no ice cover is present
(personal observation).
Vaucheria spp. is the preferred food for Alderia modesta, although it has been
reported on other filamentous algae such as Cladophora spp. Kutzing, Ulothrix spp.
Kutzing, tubular Viva spp. Linnaeus, and Enteromorpha spp. Link (Bleakney et al.
1967). The preference for Vaucheria spp. is likely due to the fact that it is a coenocyte (it
has no septa or cross walls), allowing the animals to extract a large volume cell contents
from one incision. Vaucheria spp. thick felt-like mats that hold water during low tides,
allowing A modesta to avoid desiccation (Evans 1953), and the alga also provides refuge
from predators because the animals are visually cryptic and they are able to move inside
algal mats for shelter (Trowbridge 1994). For most Vaucheria species, asexual
reproduction and growth slows as temperature increases, and sexual reproduction is
stimulated by cold temperatures (League et al. 1955; Gallagher etal. 1981).
Objectives
Field work with Alderia modesta looked at two major factors: 1) the temporal
population fluctuations of both the sacoglossan and its prey algae; and 2) some biotic and
abiotic factors affecting both. Preliminary studies in 2009 and early 2010 indicated that
A. modesta was readily available. Once field work resumed and lab work began during
8

summer 2010, A. modesta was not found during any field surveys, nor were any mats of
Vaucheria spp. A new experiment was initiated to investigate whether or not the marsh
grasses Spartina altemiflora Loisel and Spartina patens (Aiton) Muhl were outcompeting
Vaucheria spp.
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Materials and Methods
Survey for Alderia modesta
Initial collections of Alderia modesta were made in November 2009 and February
2010 from Campbell's Island in Newcastle, NH, but they were not quantified. Further
sampling at the same location was unsuccessful so surveys were conducted over a
broader area from July 2010 to November 2011. Site description and the dates of surveys
are listed in Table 1, while Figure 1 provides a map of the survey locations. Because A.
modesta is very cryptic, samples of Vaucheria spp. were collected using a cylindrical
corer (70 cm2), bagged, and brought back to UNH for analysis. The samples were soaked
in filtered seawater for one hour to allow A. modesta time to acclimate and emerge from
hiding within the algae and sediment.
Marsh Grass Removal Experiment
By the summer of 2010, mats of Vaucheria spp. large enough to promote
settlement of Alderia modesta were not found in any of the 15 surveyed salt marshes. In
order to determine the effect of marsh grasses (Spartina alterniflora and Spartina patens)
on the growth of Vaucheria spp., two of the previously surveyed marshes, Campbell's
Island and Adam's Point, were selected for a grass removal study.
The Campbell's Island marsh is located on the South side of Campbell's Lane in
New Castle, NH. It is a small fringing marsh that is near the mouth of the Pisquataqua
River. The peat substratum is covered by several centimeters of mud in the lower
elevations. To the south and west of the marsh are sandy slopes that extend down to the
water. The marsh is in a relatively protected area, having a high bridge embankment to
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the east, and natural slope to the west, even though the waterway nearby is subject to
swift currents while the tide is running. Populations of Spartina spp. were sparse at this
location, and much of the substratum is covered by the algal ecads Fucus vesiculosus
ecad volubilis Goodenough and Woodward and Ascophyllum nodosum ecad scorpioides
(Hauk) Reinke. In the higher elevations of the marsh the common glasswort Salicornia
europaea Standi is especially common during the summer. Fauna in the marsh is
primarily the mud snail Ilyanassa obsoleta Say, and the European green crab Carcinus
maenas Linnaeus.
The study site at Adam's Point is a small fringing marsh just west of the boat
ramp on the north side of the point. It has several small creeks and permanent pools. The
substratum is primarily peat, and beyond the marsh edge is an extensive mudflat that
slopes gradually into Little Bay. The marsh grass grows much denser and taller here,
compared to Campbell's Island, and algal ecads are uncommon. Storms often deposit
large amounts of wrack, mainly strands of Zostera marina Linnaeus, onto the marsh. The
fauna was also primarily Ilyanassa obsoleta and Carcinus maenas although both are less
abundant than at Campbell's Island.
At each site, three pairs of 1 m2 plots were marked at five, ten, and fifteen meters
from the nearest marsh edge. One plot in each pair was randomly designated as treatment,
and the other designated as control. Both plots were within two meters of one another in
as similar terrain as possible (distance from creeks, marsh edge, pools, etc.). All grass
from each treatment plot was cut to less than 2 cm above the substratum and removed, as
was all unattached algae. The presence of major flora was recorded and digital
photographs were taken for further analysis. At least three photos per plot were taken
11

each visit to maximize usability of the images. In situ and digital photo analysis
attempted to evaluate the percent cover of the following: Ascophyllum nodosum ecad
scorpioides, Cladophora spp., cyanobacteria, Fucus vesiculosus ecad volubilis, Spartina
alterniflora (cut stems and exposed roots were recorded separately from live blades),
Spartina patens (cut stems and exposed roots were recorded separately from live blades),
Vaucheria spp., and bare mud. Anything else {e.g. wrack, shells, animal holes), or
anything that could not be identified was recorded as "other". Any species that were
difficult to distinguish in the field were sampled (from outside the plot when possible)
and identified to genus using a compound microscope at UNH. At each visit the plots
were photographed, examined, sampled, and then the Spartina spp. was clipped. Plots
were visited weekly from June 2011 until the end of August, and monthly through
November 2011.
Images were cropped and adjusted using Gnu Image Manipulation Program©
(GIMP; version 2.6.11; GIMP Development Team). Pictures were analyzed with the
point intercept function of PhotoGrid © (version 1.0; Christopher E. Bird), using 300
random points, to measure the percent cover of the listed flora.
Statistics
Statistical analyses were not performed on these results. Field surveys failed to
find any Alderia modesta and only sparsely growing Vaucheria spp. In the marsh grass
removal experiments the only numerical data came from the photo analyses, which
provided too little information about the substratum within control plots to make any
statistical comparisons.
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Table 1: Dates and descriptions of survey locations for Alderia modesta. Substrata based on portions surveyed. Marsh types are based
on definitions presented in Morgan et al. (2009).
Location

Dates Surveyed

Substrata

Type *

Features

Adam's Point, Durham, NH

7-19-2010, 9-13-2010, 10-15-2010,5-27-2011, 6-24-2011,
6-29-2011, 7-15-2011, 7-21-2011, 7-28-2011, 8-4-2011,
8-11-2011, 8-19-2011, 8-26-2011, 9-22-2011,10-17-2011,
11-22-2011

Peat

Fringing

Very small, one creek, several
pools, estuarine

Brave Boat Harbor, Kittery
Point, ME

11-9-2010, 5-27-11

Sand

Meadow

Crommet Creek, Durham, NH

9-7-2010

Mud & Peat

Fringing

Mud &Peat

Fringing

Very small, no standing water or
creeks, sparse grass, estuarine

Campbell's Island, New
Castle, NH
Chapman's Landing, Stratham,
NH
Cedar Point, Dover, NH
Odiorne Boat Launch, Rye,
NH
Odiorne Point, Rye, NH
Rachael Carson Wildlife
Reserve, Wells, ME
Seabrook Estuary, Seabrook,
NH
Urban Forestry Center,
Portsmouth, NH
Wells Beach, Wells, ME
Wentworth Country Club,
Rye, NH
Wilbur Neck, Pembroke, ME
Wallis Sands, Rye NH

Large, sparse grass, extensive
fracturing, marine
Very small, some fracturing due to
ice rafting, small creek, estuarine

11-6-2009,2-5-2010, 7-2-2010, 8-2-2010, 9-13-2010, 1015-2010, 5-27-2011, 6-23-2011, 6-29-2011, 7-14-2011, 721-2011, 7-28-2011, 8-5-2011, 8-11-2011, 8-19-2011, 826-2011,9-22-2011, 11-22-2011, 10-17-2011
7-19-2010, 7-28-2010, 7-29-2010, 8-2-2010, 8-26-2010,
9-13-2010, 10-15-2010
9-6-2011

Peat

Fringing

Small, estuarine

Sand

Fringing

Very small, borders, estuarine

7-5-2010, 8-3-2010, 8-26-2010

Peat

Meadow

Small, estuarine, extensive ditching

7-5-2010

Peat

Meadow

7-8-2010

Sand & Peat

Meadow

8-19-2010, 9-20-2011

Peat

Meadow

8-16-2010

Peat

Meadow

7-20-2010

Sand &Peat

Meadow

Small, estuarine, near highway,
extensive ditching
Small, many permanent pools,
marine
Very large, extensive ditching,
marine
Small survey far from open water,
estuarine
Very large, marine

9-22-2011, 10-17-2011,11-22-2011

Sand & Peat

Fringing

Very small, estuarine, sparse grass

6-8-2010

Gravel

Meadow

7-13-2010, 8-3-2010, 8-26-2010, 9-17-2010

Peat

Meadow

Very small, marine, sparse grass
Small, bordered by highway,
extensive ditching, marine

Figure 1: Map of Alderia modesta survey locations. Location key: Adam's Point (AP), Brave Boat Harbor (BH), Crommet Creek
(CC), Campbell's Island (CI), Chapman's Landing (CL), Cedar Point (CP), Odiorne Boat Launch (OB), Odiorne Point (OP), Rachel
Carson Wildlife Reserve (RC), Seabrook Estuary (SE), Urban Forestry Center (UF), Wells Beach (WB), Wentworth Country Club
(WC), Wilbur Neck (WN), and Wallis Sands (WS).

Results
Survey for Alderia modesta
Two initial collections of Alderia modesta in November 2009 and February 2010
yielded approximately 20 and 15 specimens respectively. Given the small amount of
Vaucheria spp. collected, A. modesta was expected to be quite abundant. No formal
experiments were carried out on these animals, but they were kept for several months for
preliminary observations. Egg masses were collected and observed under a compound
microscope, and animal behaviors were noted. When housed at 10°C, the eggs developed
into veligers and hatched after seven to eight days. A tank was set up so that the
Vaucheria spp. was partially out of the water. The slugs were often found just beneath the
surface of the mat, and rarely out of water. Egg masses were more often observed and
collected from the hard surfaces within the tank, not on the algae.
Subsequent surveys revealed no Alderia modesta or sizeable mats of Vaucheria
spp., which would promote settlement of juvenile slugs. Only sparse Vaucheria spp.
growth was found, and only at some sites (Table 2). No surveys were conducted during
the winter of 2010-2011 because of thick ice that formed in November 2010 that
persisted until late March 2011.
Marsh Grass Removal Experiment
The removal of marsh grass had varied effects on the community, depending
on site and distance from the marsh edge. Each plot had a different pattern of
regeneration and recolonization. In general the marsh at Campbell's Island (CI) had
less vegetation and more bare mud than the one at Adam's Point (AP). The marsh
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grass grew back relatively quickly at first, but after several months of repeated
cutting, regrowth slowed and eventually stopped altogether. Vaucheria spp. did
grow in the 5m treatment plots at both sites, but it was sparse and did not persist
for long (Figure 2d, Figure 3d). The percent cover of each species varied greatly from
one visit to the next, likely due to shifting sediment obscuring or revealing parts of
the substratum.
Some sampling dates were omitted from photographic analysis because the
quality of the photos made analysis unreliable. Additionally a problem with the camera
memory card caused all of the photos for October and November to become corrupted,
and none of them could be recovered.
Adam's Point. The first two pairs of plots (5 m and 10 m from the seaward edge)
were in the lower elevation zone which was dominated by Spartina altemiflora while the
third pair (15 m from the seaward edge) was at a higher elevation covered by
approximately 85% Spartina patens and 15% S. altemiflora (Figure 2a-c). Photo analysis
showed that grass cover in the control plots averaged 93.6% throughout the experiment,
except where wrack (primarily detached Zostera marina strands) was washed in and
obscured portions of the plot (Figure 2b). The treatment plots had similar compositions to
control plots before initial grass removal. By October 17, all of the Spartina spp. was
either senescent or dead, and had become flattened against the ground.
In the first treatment plot (5m; Figure 2d), approximately 20% of the clipped
Spartina altemiflora sprouted again each visit. Small, sparse patches of Cladophora sp.
and Vaucheria spp. appeared near the edges, but were not permanent. Cyanobacteria
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grew in ephemeral patches starting at the edges (June 24 and July 21), but quickly spread
throughout the entire plot. Several storms in September washed large quantities of
detached Zostera marina onto the marsh. This obscured most of the plot when it was
photographed on September 22. Wrack had washed away by October-17, and
cyanobacteria patches were again visible on October 17 and November 22.
In the second treatment plot (10 m; Figure 2e) approximately 15% of Spartina
alterniflora sprouted again each visit through August 4. After this point, very little grass
grew again. Large patches of cyanobacteria appeared on July 15 and persisted through the
end of the experiment, eventually overgrowing the dead shoots and exposed rhizomes of
the Spartina spp. One rubbed mussel (Geukensia demissa Dilwyn) was also present until
October 17, though it did not contribute to percent cover calculations.
In the third treatment plot (15 m, Figure 2f) nearly all of the Spartina alterniflora
sprouted again each visit, while regrowth of Spartina patens started at approximately
40%, and steadily declined to around 2% by September 22. As of October 17, none of the
grass grew again. Rain on September 22 left a large, muddy puddle that obscured 20% of
the photograph making the analysis difficult.
Campbell's Island. All three pairs of plots were located in the lower elevation
zone, dominated by Spartina alterniflora. Photo analysis of the control plots showed that
the grass was much sparser, and the density was more variable than at Adam's Point
(Figure 3a-c). Control plot one averaged 66.3% grass cover and 26.5% Ascophyllum
nodosum ecad scorpioides (Figure 3a), control two had 73.4% grass cover (Figure 3b),
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and control three had 90.8% grass cover (Figure 3c). By October 17, all grass was either
senescent or dead.
The first treatment plot (5m; Figure 3d) had a small patch of Vaucheria sp. that
appeared in one corner on July 14 and persisted until August 11. This patch remained
sparse, and never had any Alderia modesta settlement. A small patch of cyanobacteria
was visible from July 28 until August 26. Regeneration of Spartina alterniflora varied
greatly from 0.0% to 75.0%, but had all stopped by October 17.
The second treatment plot (10m; Figure 3e) had no Vaucheria spp. growth, and
only small patches of cyanobacteria. On the first visit (June 23) 25.9% of Spartina
alterniflora had sprouted again. This decreased steadily throughout the experiment with
only 8.7% sprouting again on September 22, and none by October 17. Standing water
from the rain on September 22 obscured 37.7% of the points in the photograph. Small
amounts of Fucus spiralis and Ascophyllum nodosum ecads accumulated around the
edges of the plots.
The third treatment plot (15m; Figure 3f) had less overall regrowth of Spartina
alterniflora than the other two plots, but it remained fairly constant throughout the
experiment (approximately 16.7%). Cyanobacteria was apparent only on July 21, July 28,
and September 22, but was widespread at those times. Ecads of Fucus spiralis and
Ascophyllum nodosum were present throughout the experiment.
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Table 2: Results of Alderia modesta surveys by location. - indicates no finding, +
indicates sparse Vaucheria spp., ++ indicates visible mats. * values are approximate.
Loc.

Vaucheria
si

Dates Surveyed

Brave Boat
Harbor

11-9-2010
5-27-11

Campbell's
Island

11-6-2009
2-5-2010
7-2-2010, 8-2-2010, 9-17-2010, 10-152010, 5-27-2011, 6-23-2011, 6-29-2011
7-14-2011, 7-21-2011, 7-28-2011
8-5-2011
8-11-2011
8-19-2011, 8-26-2011, 9-22-2011, 11-222011,10-17-2011

Cedar Point

9-6-2011

Odiorne Point

7-5-2010

Seabrook
Estui

+
+

8-19-2010, 9-20-2011

Wells Beach

7-20-2010

Wilbur Neck

6-8-2010
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Figure 2: Plant and algal composition of control (a-c), and treatment (d-f) plots from
Adam's Point, NH. Plots a and d were 5 m, b and e were 10 m, and c and f were 1 5 m
from the marsh edge.
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Figure 3: Plant and algal composition of control (a-c), and treatment (d-f) plots from
Campbell's Island, NH. Plots a and d were 5 m, b and e were 10 m, and c and f were 15
m from the marsh edge.
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Discussion
Survey for Alderia modesta
The two initial collections in November 2009, and February 2010 indicated that
Alderia modesta was very abundant and easily found. However, the subsequent absence
of A. modesta is easily explained by the absence of Vaucheria, given that the animal
depends on the algae for food (Evans 1953; Bleakney et al. 1967), as well as to initiate
larval metamorphosis (Krug et al. 1999). The absence of algae, on the other hand, is more
puzzling. There are at least five species of Vaucheria spp. known from the Gulf of Maine
(Brown 1929), although no positive identification of the species collected was made.
Each species has different specific growing conditions, but there are some general trends
that apply to these populations, which may explain the difficulties in locating them
(Brown 1929; Schagerl et al. 2009).
Vaucheria was found to grow best on the edges of streams and marshes, in muddy
environments with low wave and current energy (Gallagher et al. 1981; Trowbridge
1993b). Vader (1981) found a similar distributional pattern for Alderia modesta, most
likely due to the presence of Vaucheria spp. The marshes at Brave Boat Harbor, Cedar
Point, Rachel Carson Wildlife Reserve, Wells Beach, Wentworth Country Club, and
Wilbur Neck, had sand or gravel sediment covering peat. The energy level (amount of
wave, wind, and current action) was not directly evaluated for any of the marshes; but
some were clearly in higher energy areas. For instance, Chapman's Landing is on the
Squamscott River and Cedar Point and Wentworth Country Club are on the Pisquataqua
River, sites that are all subject to swift currents. The specific locations surveyed at Brave
Boat Harbor, Odiorne Point, Seabrook Estuary, Urban Forestry Center, and Wallis Sands
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were all separated from open water by large expanses of marsh. Sand dunes at Rachel
Carson Wildlife Reserve and land masses near Wells Beach and Wilbur Neck separated
these areas from the Gulf of Maine, meaning that they were all likely low energy
environments. At the same time, this separation (particularly at Odiorne Point, Seabrook
Estuary, Urban Forestry Center, Wilbur Neck, and Wallis Sands) likely limited the ability
for A. modesta larvae to reach the lower energy areas of the marsh (Trowbridge 1993b).
Several studies have shown that short photoperiods and cool temperatures are
needed to promote growth and sexual reproduction of Vaucheria spp. (League et al.
1955; Gallagher et al. 1981), which would correlate with the initial collections of
Vaucheria spp. and Alderia modesta made in the winter of 2009-2010. Upper thermal
limits to reproduction also determine geographic ranges for Vaucheria species (Franz
1970), and changing water temperatures may reduce the amount of suitable habitat for
particular species. The average water temperatures within the Gulf of Maine have been
increasing, particularly in recent years (NERACOOS 2012) which may have caused
unfavorable growing conditions for local Vaucheria species. If they were unable to
spread to better locations, then the populations would decline. Therefore, it is possible
that in marshes farther north, there will be healthier populations of algae that may support
populations of A. modesta. Though the northernmost marsh surveyed (Wilbur Neck) had
neither, the gravel substratum was unfavorable for Vaucheria spp.
Schagerl et al. (2009) evaluated several factors other than temperature and
photoperiod that affect the growth and reproduction of seven different Vaucheria species.
Most species grew best in areas with high nutrient enrichment and ionic content
(particularly hardness, conductivity, and alkalinity). They also found a strong negative
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correlation to the N:P ratio, indicating that Vaucheria species grew poorly when
phosphorus was limited. Studies by the New Hampshire Department of environmental
services found very high total nitrogen concentrations in the Great Bay Estuary system,
and that low salinity areas (such as those near the mouths of rivers) were usually
phosphorus limited (Trowbridge et al. 2009,2010). The sites at Crommet Creek,
Chapman's Landing, and Cedar Point were all in areas that should be considered
phosphorus limited. Values for the sites outside of the Great Bay Estuary system were
unavailable, but Brave Boat Harbor, Odiorne Boat Launch, Rachel Carson Wildlife
Reserve, and Seabrook Estuary were all near the mouths of streams or rivers, and so were
more likely to experience high nitrate input from runoff.
Campbell's Island was the only location that yielded substantial mats of
Vaucheria, and seemed to be an ideal location for the alga. The physical features of the
marsh (slope and protection from water) created a low energy environment. Even so,
Vaucheria has not been found since February 2010. It is likely that there were still
patches of Vaucheria in the other marshes that were surveyed, but that they were too
sparse to be noticed, or to support Alderia modesta.
Patterns within the yearly population of Alderia modesta are difficult to establish
from the literature. Clark (1975) reported that populations from Mystic River, CT were
most abundant in late summer and early fall, and declined during winter. Bleakney et al.
(1967) found A. modesta year-round in the northern Bay of Fundy. They also found that
A. modesta would overwinter in salt pools on mixed populations of filamentous green
algae, and by the end of June they occurred on mats of Vaucheria spp. as well as in tide
pools. Trowbridge (1993b) reported that A. modesta in the northeast Pacific was most
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abundant in November; more than twice the abundance of other months. Although no
studies of larval recruitment were found, but recruitment could be inferred from reports
of animal size. Bleakney et al. (1967) described A. modesta moving out of marsh pools
and onto mats of Vaucheria spp. in late June, however since individuals on mats were
smaller than those in the pools they could have been newly settled. Other studies have
reported size fluctuation in A. modesta populations, but they did not evaluate multiple
years and no discernible annual pattern was documented (Hand et al. 1955; Vader 1981;
Trowbridge 1993b). I found no reports of ephemeral A. modesta populations, but there
were also relatively few that evaluated multiple years. Comparing the results of several
studies showed a wide range of population densities (Trowbridge 1993b), which may
indicate ephemeral populations. Their larvae also spend a long time in the plankton, so
they will likely have greater dispersal ranges and be able to recolonize distant habitats
(Shanks et al. 2003).
Surprisingly, few studies have compared the abundances of both Alderia modesta
and Vaucheria spp. other than to say that the animal depends on the algae. The
abundance of A. modesta is greatest at high latitudes (Clark et al. 1987; Trowbridge
1993b) which was taken to mean that it prefers colder water temperatures. However,
given that A. modesta is a very cosmopolitan species, it is more likely that the preference
of Vaucheria for colder temperatures (League et al. 1955; Schagerl et al. 2009) provides
more food to sustain higher populations of A. modesta. Northern parts of the Gulf of
Maine that are more favorable to the growth of Vaucheria spp. may also support source
populations of A. modesta.
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Marsh Grass Removal Experiment
Bertness et al. (1987) found that the major factors affecting the composition of
salt marsh communities were the physical conditions (especially tidal inundation) and
interspecific competition. Removal of marsh grass did not appear to have any predictable
effects on the remaining flora, but it did stimulate the growth of algae and cyanobacteria
(Figures 2 and 3). The major colonizer that was seen in treatment plots was
cyanobacteria, which formed dense mats at Adam's Point; and it was the most abundant
colonizer at Campbell's Island. Vaucheria spp. appeared only in the 5m treatment plots
(Figures 2d and 3d), implying that there is correlation with submersion time as well as the
competition with Spartina spp. Since the alga remained sparse, it appears that there are
additional factors beyond interspecific competition restricting algal growth, such as
temperature, photoperiod, and water quality (League et al. 1955; Schagerl et al. 2009)
Initial regrowth of Spartina spp. was fairly rapid, since the roots were left intact.
After several months, however, the underlying roots likely began to die, thus slowing
recovery of grass, and possibly preventing colonization by other plants. Winter icing
events have been shown to have a similar effect, leaving bare patches that are gradually
repopulated first by Spartina spp. and then by other plant species (Ewanchuk et al. 2003).
The resulting changes in soil chemistry, however, prevented some species from
recolonizing the ice scars for several years afterword (Ewanchuk et al. 2003). Continued
observation of treatment plots would likely show a similar pattern
Digital photo analysis proved to be an ineffective method for estimating marsh
succession. Photographic detail was limited by the resolution of the camera, and portions
were often blurry and did not distinguish small subjects. In addition, the most common
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pioneer species were filamentous green algae or cyanobacteria, which require
microscopic verification and were impossible to distinguish in photographs. To further
complicate matters, photos of treatment plots taken early or late in the day were largely
shaded by contiguous grass next to the plot. In situ analysis and microscope identification
were the most reliable, but not without limitations. Obtaining quantitative data from the
control plots was virtually impossible, due to the dense growth of the marsh grass.
Conclusions
The lack of Vaucheria spp. is concerting, because it is the sole food source for
Alderia modesta, and at least one other sacoglossan species, Elysia chlorotica (Bleakney
1996). If warming eutrophication trends in the Gulf of Maine continue, it is possible that
the local Vaucheria species may not recover. Surveys of salt marshes should continue in
order to watch for recolonization of both animal and algae. Particular attention should be
paid to marshes in the Northern Gulf of Maine, where colder average water temperatures
may allow continued survival of Vaucheria spp. and the dependent animals.
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CHAPTER II. STUDIES OF PLACIDA DENDRITICA
Introduction
Placida dendritica Adler & Hancock is a cosmopolitan species; occurring in
Australia, Japan, the Mediterranean, British Colombia, Oregon, Nova Scotia, and New
England (Bleakney 1996; Jensen 1996). Placida dendritica is recognizable by its long
thin cerata, and elongated tail. It also has a large bulbous heart protruding from the dorsal
surface, just behind the head. Although it falls prey to crabs and fish, it does not appear to
be a preferred food item for any predators (Harris et al. 2005)
Placida dendritica reproduces continuously, and spiral egg masses will be
deposited on any suitable substratum. Larvae will hatch in about two weeks (pers. obs.),
and are planktotrophic (Goddard 2004). Although no specific data on development time
has been documented, they are planktonic for a relatively long time before settling and
metamorphosing on a suitable species of algae (Trowbridge 2004),.
Placida dendritica has been reported to feed on several species of Codium
Stackhouse, Derbesia Solier, and Bryopsis Lamouroux (Bleakney 1989). In the Gulf of
Maine, it was historically found on Bryopsis plumosa (Hudson) C. Agardh, and, like its
algal host, was relatively uncommon. It is now found primarily on the recently introduced
green alga Codium fragile ssp. fragile (Suringar) Hariot. The alga appeared from two
separate invasion events, first in Boothbay Harbor, ME in 1964, and then in Cape Cod
Bay in 1972 (Mathieson et al. 2003). It soon spread throughout the Gulf of Maine (Harris
et al. 1999; Mathieson et al. 2003), and by the end of the 1990's was the dominant
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canopy species in shallow subtidal communities at the Isles of Shoals (Harris et al. 2001).
Placida dendritica was able to settle and feed on the invasive alga, and the new and
abundant food source allowed it to proliferate and become very common (Harris et al.
2005). The presence of a specialist herbivore did not stop the spread of the alga, and in
fact may have actually enhanced the dispersal by stimulating asexual reproduction
through fragmentation (Harris et al. 1999), and by causing branches with heavy epiphyte
infestation to break away, thereby reducing stress on the rest of the thallus (Trowbridge
1993a). Because adult P. dendritica are specialists, the invasion of a new and plentiful
food source can lead to the local elimination of other food sources as more larvae saturate
the water column and settle on already uncommon seaweeds (Trowbridge 2002).
Even though adult Placida dendritica have been found associated with several
different algae, lab experiments have shown that adults will usually only switch from the
species they initially settled on if given no other choice (Trowbridge 1991a, 2004). The
specialization may be due to morphological changes of the radular teeth in response to
the host algae (Bleakney 1990). The ability of the animal to exploit a new food sources
seems to be limited to physiological changes during larval settlement and metamorphosis.
Photosynthetic capabilities of Placida dendritica have been investigated using a
variety of techniques and have shown varying results. Most studies have concluded that
there was no significant photosynthetic activity (Evertsen et al. 2009; Curtis et al. 2010),
, while others have indicated that the species of algae fed upon by the slugs is the main
factor determining chloroplast function in P. dendritica. Raven et al. (2001) found that
when they had fed on Codium galeatum J. Agardh , the slugs were gaining carbohydrates
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from photosynthesis, and (Trowbridge 1991a) showed that they grow larger and faster on
Bryopsis spp. which may be a result of photosynthetic activity.
Much of the biology of Placida dendritica in the Gulf of Maine is related to its
most common food source, Codium fragile, which has its maximum growth and
reproductive output during periods of highest temperature and illumination (Fralick et al.
1973). Thalli are smaller and have fewer P. dendritica in wave exposed areas (Harris et
al. 2005). Trowbridge (1993a) found an interesting interaction involving C. fragile, P.
dendritica and the epiphytic red alga Ceramium codicola J. Agardh. The epiphytes seem
to enhance post-settlement success of slug larvae by acting as a baffle for the wave
induced surge.
Objectives
Placida dendritica was selected as the new subject for field and laboratory
investigations because of its consistent availability. Field work began in summer 2011
and looked at the population fluctuations of the sacoglossan and its density on individual
Codium fragile thalli. Laboratory work evaluated the function of ingested chloroplasts.
Oxygen consumption was measured for short-term function and growth rate was
measured to determine long-term function. Phototactic behavior was also observed as a
possible indicator of chloroplast function.
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Materials and Methods
Distribution and Density of Placida dendritica
Sampling Method. Placida dendritica is very cryptic; it was collected by taking
whole thalli of Codium fragile. Sampling was done at three sites by SCUBA diving
(Figure 4). Dates of collections for specific sites were: Cape Neddick in York, ME (CN;
June 2,2011, July 29,2011, and December 20,2011); Gosport Harbor, NH/ME (GH;
June 7,2011, December 22,2011); and Smuttynose Island, ME (SI; June 7,2011). Ten
samples per site were haphazardly selected during each visit and transported back to
UNH. Samples were kept in filtered seawater at 15°C until the animals could be counted
and removed, and C. fragile could be thoroughly cleaned of epibionts, and weighed.
Gosport Harbor and Cape Neddick are both relatively sheltered areas, and the
collection site at Smuttynose Island was off the Eastern (less sheltered) shore of the
island. All algae were collected between two and ten meters below mean low water,
where Codium fragile is most abundant. While both attached and unattached thalli were
usually present, only attached thalli were collected. Other animals present on the C.
fragile thalli were removed when possible before placing the alga into specimen bags, but
care was always taken not to remove any Placida dendritica.
Surface Area of Codium fragile. In order to easily determine the surface area of
Codium fragile, which has a complex three dimensional structure, an equation was
created to convert wet weight to surface area, using a technique modified from Hicks
(1980). First, two unbranched sections of C. fragile were cut and the surface areas were
calculated as cylinders with hemispherical ends. They were then blotted dry, weighed,
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immersed in commercial dish soap (My Essentials™ Ultra Concentrated), and suspended
to allow run-off. Once the drops slowed to less than one per second, the thallus was
weighed again. The ratio of weight of the detergent to the surface area was calculated for
both samples, and then averaged. To create the equation, ten samples of C. fragile were
then weighed and dipped in detergent as above. The initial weight of the algae and the
weight of the detergent were plotted and fitted with a linear regression line. The ratio of
detergent weight to surface area was substituted into this equation to create the final
equation.
Distribution and Density of Placida dendritica. To determine if Placida
dendritica was preferentially settling on large thalli of Codium fragile, the surface area of
occupied thalli was compared to both the total number and density of P. dendritica for
each sampling date, site, etc. Although there were enough samples taken to show any
strong correlations, this could provide some information about the settlement preferences
of P. dendritica larvae.
Animal Care
All animals were housed in an environmentally controlled room (15 °C and a 12
hour photoperiod) in containers with clear tops and air stones. They were provided with
sufficient Codium fragile to allow for continuous feeding to satiation. Salinity was
maintained at 32 ppt. Nitrogen and phosphorous compounds were measured using an
API® liquid test kit, and remained below detection limits (5.0 mg L"1 nitrate, 0.25 mg L"1
nitrite, 0.25 mg L"1 ammonia, and 0.25 mg L"1 phosphate) due to the high biomass ratio of
algae to animal. Water changes were done to remove solid waste as needed. Dead
animals were removed when found.
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Oxygen Consumption
To evaluate short-term chloroplast function, the net oxygen consumption of
Placida dendritica was calculated for animals in light and darkness. Two large animals
(approx. 5mm) at a time were selected and sealed into two 7 mL vials. Two control vials
lacking animals were also prepared. Vials were filled with water from the culture
container with the animals and covered in foil during preparation. At the start of the
experiment, two vials were uncovered; one with an animal and one control lacking an
animal. All four vials were kept in a water bath to maintain constant temperature, and the
bath was kept in a large container covered in black plastic to eliminate unwanted light. A
clamp light with a compact fluorescent bulb, which produced approximately 146

m"2

sec"1' was placed above the vials, and the system was incubated for four hours before
measuring the oxygen concentration. Ten replicates were performed with different P.
dendritica samples following the procedure outlined above.
A micro-Winkler titration, described by Fox et al. (1938), was used to measure
the amount of dissolved oxygen in each sample vial. Five ml of water was drawn from
the test vials, taking care not to add any air bubbles or agitate the water surface.
Manganese chloride (MnCh) and sodium hydroxide (NaOH) were immediately added,
followed shortly thereafter by hydrochloric acid (HC1) to fix the oxygen (O2) in the
sample. After this step, O2 introduced into the sample would not be detected by titration.
The stock solutions had 12.1 mg O2 L"1, adding 0.06 mg of O2 to the original sample,
which was subtracted from the final calculations. For titration, potassium iodide (KI) and
starch (as an indicator) were added to the sample, and the solution was titrated with
sodium thiosulfate (Na2S2C>3) until the endpoint was reached, as indicated by color
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change from dark blue to clear. Specific chemical equations are listed in Table 3.
Quantities and concentrations of all chemicals are shown in Table 4. Every 4 mol of
titrant (Na2S04) used equated to 1 mol of analyte (O2; Table 3). To determine the amount
of oxygen actually consumed, the concentration of O2 in each control vial was subtracted
from that of the corresponding treatment vial.
Growth from Photosynthesis
Growth rates of starved animals with and without light were compared in order to
evaluate long-term chloroplast function. Ten Placida dendritica were placed into
individual Toby Teaboys®, for one week to allow them to lay any fertilized eggs they
were carrying. Each slug was given enough Codium fragile to last for a week. Animals
were then placed onto a microscope cover slip, gently blotted dry, and weighed on a
Mettler AC 100 (Mettler Toledo) micro-balance. Two animals were excluded from the
experiment, as they weighed less than one milligram, and weight change was nearly
impossible to detect. The rest were then placed back into individual Toby Teaboys®
without food, and randomly separated into two groups of four. Both groups were kept in
tubs of filtered seawater with air stones and housed at 15°C. One group was kept under a
12 hour photoperiod and the other was kept in total darkness. After one week the animals
were removed and weighed again as described above.
Data could not be recorded in between the initial and final weights as this would
have altered the lighting conditions. Replication of this experiment was not possible, as
the largest specimens available were used for the initial trial. All animals remaining in the
culture containers would have been too small to measure weight change.
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Phototaxis
Phototactic responses serve as a behavioral indicator of functional kleptoplasty.
The reaction of a sacoglossan species to light is related to whether or not it is capable of
harboring active chloroplasts, and is not expected to change based on what it has been
eating (Weaver et al. 1981).
In two preliminary experiments, the test chamber consisted of a clear plastic tube
(2.5 cm diameter x 40 cm long) with one half covered in opaque black plastic to limit
light, and the other half was uncovered (Figure 5). Five animals were placed into the
chamber, and both ends were capped. The chamber was then submerged in filtered
seawater, left for one hour under ambient light, and the final positions recorded.
After preliminary experiments the test chamber was modified to have three
sections: one-third was completely covered in opaque black plastic, the middle section
was surrounded by 0.25 cm plastic mesh, and the last third was uncovered (Figure 6). The
light intensities for each section were: 0.00 |_iE m"2 sec"1 in the dark, 3.94 ^E m"2 sec"1 in
the shade, and 9.32 fiE m"2 sec"1 in the light. Seven replicates of five animals each were
placed into the middle section and the chamber was submerged in a seawater bath at
15°C. The experiment ran for one hour, at which time the final positions of the animals
were recorded.
A third chamber was used to obtain time-series data and to account for the
possibility that the animals were not moving from their starting positions. A 29 cm x 5.5
cm x 6.5 cm open-top acrylic box was used. The bottom and sides of the box were
painted black, ensuring that light only entered from one direction. Black plastic divided
the box into three equal sized sections, creating more defined boundaries between
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treatments while still allowing animals to move between the zones. The open top allowed
for the animals to be placed directly into each section. Filters were made from opaque
black plastic and 0.25 cm plastic mesh, and a clear acrylic cover held the filters in place
9
1
(Figure 7). Light intensities for each section were: 0.00 jxE m" sec" in the dark, 2.97 (aE
9

1

9

1

m" sec" in the shade, and 6.30 ^iE m" sec" in the light. Five replicates of twelve animals
(four starting in each zone) were conducted. The numbers of animals per zone were
recorded every 15 minutes for a total of 90 minutes.
Statistics
For each collection time, the total number of collected Placida dendritica and the
density per algal thallus were compared using one-way ANOVA followed by Tukey's
test. Pearson's correlation coefficients were calculated to evaluate any correlation
between the surface area of Codium fragile and the number or density of P. dendritica.
Oxygen consumed by P. dendritica in the light was compared to the amount consumed in
the dark using a student's t-test. In the first phototaxis experiment, the results of each trial
were combined and analyzed using a % goodness of fit test, which assumed that there
would be equal numbers of animals in each section of the chamber. In the time series
experiment, the results of all trials were also combined and analyzed as a whole and for
each individual time interval with %2, which assumed that there would be equal numbers
of animals in each section of the test chamber. All analyses were performed with JMP®
statistics package (version 9, SAS institute Inc.).
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Figure 4: Sampling locations for Placida dendritica. Location key: CapeNeddick, ME
(CN), Gosport Harbor, NH/ME (GH), and Smuttynose Island, ME (SI). Research
specimens were primarily used from CN.
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Table 3: Chemical equations for titration steps
Step
Equation
Function
4
MnCl
+
8
NaOH
+
2
H
0
+
0
-»8
NaCl
+
4
Mn(OH)
1
React oxygen
2
2
2
3
4 Mn(OH)3 + 12 HC1 4 MnCl2 + 4 CI" + 12 H20
2
Fix the sample
4 CI" + 4 KI KC1 + 2 I2
3
Titration preparation
4 NaS203 + 2 I2 ->2 Na2S406 + 4 Nal
Titration to endpoint
4
Table 4: Solution volumes and concentrations used
Chemical
MnCl2
NaOH
HC1
KI
Na2S203

Amount Concentration
(mL)
(mol L"1)
0.038
2.5
2.5
0.075
2.5
0.113
2.5
0.039
to end
0.009
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Results
Distribution and Density of Placida dendritica
Surface Area of Codium fragile. The two unbranched sections of Codium fragile
(used to determine the ratio of soap weight to surface area) had surface areas of 9.29 cm2
and 8.49 cm , and held 0.20 g and .019 g of soap respectively. The conversion factor
between surface area of the unbranched samples and the mass of the soap adhering to
them was 0.46 dm2/g. Correlation between the wet weight and the weight of soap for the
ten samples measured was high (r2 adj. = 0.85, p<0.001; Figure 8). Multiplying the
equation for the trend line (Equation 1) by the conversion factor yielded the final
equation for the converting the wet weight of the algae to the surface area (Equation 2).
Equation 1: Regression line comparing algal wet weight to soap weight.
Soap Weight (g) = 0.111 x Wet Weight (,g) + 0.422
Equation 2: Wet weight to surface area conversion.
Surface Area (dm2) = 0.0506 x Wet Weight (g) + 0.1923
The wet weight ranged from 5.96 g to 237.42 g with a median value of 37.1 g,
and estimated surface areas ranged from 0.49 dm2 to 12.24 dm2, with a median value of
"J

2.07 dm . Thalli taken from Smuttynose Island were the largest (mean: 4.32 ± 0.60 dm ),
followed by Cape Neddick (mean: 3.26 ± 0.48 dm2), and Gosport Harbor (mean: 1.55 ±
0.18 dm2).
Surface area of Codium fragile was difficult to measure accurately, since the
surface is actually made up of tiny projections (utricles), which trap soap and increased
the surface area measurements. Estimation of the surface area for the two unbranched
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samples were 37.0% and 35.5% higher than the measured surface area, but the error was
likely consistent for all samples.
Distribution and Density of Placida dendritica. The sizes of Placida dendritica
were varied during most collection dates, indicating that they had settled at different
times. However, on July 29, most animals were very small (approximately < 2 mm),
indicating that they were recently settled. Egg masses were nearly always present when
there were two or more animals present on one thallus.
Between 33% and 100% of Codium fragile thalli collected each visit were
occupied by Placida dendritica (Figure 9). The mean total number of P. dendritica per
occupied was 17 ±3.7, although there was significant variation (Figure 10). Thalli
collected from CN on July 29 had significantly higher densities of P. dendritica than the
other collection dates (Figure 10; p < 0.05). The density per occupied thallus was less
varied (6.34 ± 1.15 slugs dm"2), but there were still significant differences between some
sites (Figure 11). One outlier was found from Cape Neddick on July 29 (42.15 slugs dm"
2),

but this value was still included in calculations.
Pearson's correlation showed that the total number of Placida dendritica on each

Codium fragile thallus showed significant positive correlation (r = 0.5242, p < 0.05) with
the surface area of C. fragile. All sites all had positive correlations between counts and
surface areas, but only CN showed a significant correlation (r = 0.5603, p < 0.05).
Individual collection dates were highly variable, showing both positive and negative
correlations, but none were statistically significant. Correlations and r-values are shown
in Figure 12.
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There was a negative, but not significant, correlation between surface area of
Codium fragile thalli and density of Placida dendritica for all samples across all dates
and locations. The different collection sites showed the same pattern. Individual
collection dates varied from positive to negative, and the only significant correlation was
for CN on June 2 (r = -0.9421, p < 0.05). Correlations and r-values are shown in Figure
13
Oxygen Consumption
The average oxygen concentration for the light trials decreased from 5.97 ± 0.6
mg L"1 initially to 4.05 ± 0.4 mg L"1; the average for dark trials decreased from 6.15 ± 0.6
mg L"1 to 4.52 ± 0.4 mg L"1 (Figure 14). At 15°C and 35 ppt salinity, the maximum
concentration of oxygen in water is 8.13 mg L"1 (USGS 2012), so the measured values
should have been within tolerable ranges. The net rate of oxygen consumption at 15°C
was not significantly different between light and dark treatments (p>0.05), although the
average consumption in the light was slightly higher than in the dark. Animals kept in the
light consumed, on average, 0.24 ± 0.04 ^g O2 h"1, while those kept in the dark consumed
0.20 ± 0.03 p.g O2 h"1 (Figure 15). Two trials were excluded from analysis after air
bubbles were introduced while pipetting water samples.
Growth from Photosynthesis
All specimens died by the end of a week, and since they decompose rapidly, only
the three largest specimens (one from the dark treatment and two from the light
treatment) were weighed a second time. All had decreased significantly in mass, but how
much of that was due to decomposition is unknown. They appeared to be largely intact,
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indicating that they had died recently and that most of the lost weight was due to
starvation.
Phototaxis
In two trials with the test cylindrical chamber divided into light and dark sections,
the slugs were always on or near the line between light and dark areas. In the three
sectioned test chamber, when the results from all trials were pooled together, 12 Placida
dendritica occurred in the light section, 21 in the shaded section, and 2 in the dark section
(Figure 16). If the distribution were random, then approximately 12 animals would be
expected in each section. Results of the %2 analysis indicated that the final positions of P.
dendritica were significantly different from random positioning (p < 0.001), showing
significant preference for the shaded section (p < 0.05) and an aversion to the dark
section (p < 0.05) (Figure 16).
In the open-top box used for the time series experiment the total count of Placida
dendritica across all time intervals was 123 in the unshaded section, 147 in the mesh
shaded section, and 85 in the dark section (Figure 17). One animal escaped before the 15
minute interval and could not be located. If positions were determined randomly there
should be approximately 118 animals in each section. Analysis of the data with a %2
goodness of fit test showed the results were not random (p < 0.05) and that the animals
preferentially moved into the shade (p < 0.05) and away from complete darkness (p <
0.001). At each time interval, random distribution of P. dendritica would yield
approximately 20 in each zone. The results of a %2 test for individual time intervals
showed significant differences (p < 0.05) from random expectations at 75 min and 90
min, preference for shade at 75 min and 90 min, and aversion to darkness was present at
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30 min. and from 60 min to 90 min (Figure 18). Because of the design of the box,
animals were occasionally found trapped in the surface tension or out of the water; these
were washed back into the water with a pipette.
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Figure 8: Correlation of wet weight and soap weight.

100%

Cape
Neddick

Gosport
Harbor

100%

Smuttynose
Island

88%

80%

86%

60%
60%

40%

46%
33%

20%

i

0%

6/2/2011

i
7/29/2011

*

1

12/20/2011

•
6/7/2011

i
12/22/2011

6/7/2011

Figure 9: Percent of Codium fragile hosts occupied by Placida dendritica

45

125

Cape
Neddick

Gosport
Harbor

Smuttynose
Island

100

6/2/2011

7/29/2011

12/20/2011

6/7/2011

12/22/2011

6/7/2011

Figure 10: Box and whisker plot showing the number of Placida dendritica per occupied
Codium fragile thallus. Letters indicate statistical similarity.
50
Gosport
Harbor

Cape
Neddick

Smuttynose
Island

40

30

20

10

AB

6/2/2011

7/29/2011

12/20/2011

6/7/2011

12/22/2011

6/7/2011

Figure 11: Box and whisker plot showing the density of Placida dendritica per occupied
Codium fragile thallus. Letters indicate statistical similarity.

46

18

n

SI Total r = 0.4907

Figure 12: Number of Placida dendritica compared to surface area of occupied Codium
fragile thalli (dm2). Graphs represent the total combined data, totals for each site [Cape
Neddick (CN), Gosport Harbor (GH), and Smuttynose Island (SI)], and individual
collection dates. * indicates significant correlation (p < 0.05).
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occupied Codium fragile thalli (dm2). Graphs represent the total combined data, totals for
each site [Cape Neddick (CN), Gosport Harbor (GH), and Smuttynose Island (SI)], and
individual collection dates. * indicates significant correlation (p < 0.05).
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Table 5: Biomass of Placida dendritica (mg) before and after one week of starvation
Animal Treatment Before After
Light
20.1
10.9
1
2.7
2
Dark
Light
13.6
3
5.2
40.9
4
Dark
23.7
5
1.9
Dark
Light
3.6
6
7
Light
5.2
8
Dark
5.1
-
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Figure 16: Final locations of Placida dendritica after one hour in cylindrical test
chamber. The light intensities for each section were: 0.00 faE m"2 sec"1 in the dark, 3.94
m"2 sec"1 in the shade, and 9.32 fxE m"2 sec"1 in the light. * indicates values that are
statistically different from random distribution.
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Figure 17: Combined numbers of Placida dendritica locations at all time intervals during
time series phototaxis experiment. Light intensities for each section were: 0.00 jaE m"2
sec"1 in the dark, 2.97 |iE m"2 sec"1 in the shade, and 6.30 jaE m"2 sec*1 in the light. *
indicates values that are statistically different from random distribution.
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Figure 18: Number of Placida dendritica in the light (triangles), shade (squares), and
darkness (circles) at each time interval during the time series phototaxis experiment.
Light intensities for each section were: 0.00 jj.E m"2 sec"1 in the dark, 2.97 P.E m"2 sec"1 in
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were statistically different than random expectations.
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Discussion
Distribution and Density of Placida dendritica
At CN and GH, the density of Placida dendritica was the highest in July, and
lowest in December (Figure 11), presumably reduced due to predation and wave action
(Harris et al. 2005). June was the only month that allowed for comparison between all
three sites. Contrary to the findings of Harris et al. (2005), density was the lowest at CN
(the most protected site) and higher in GH and SI (the more wave exposed areas),
although there weren't enough samples collected to show any significant correlation. The
current study did not include enough sampling dates to make any conclusions about
larval settlement rates, and there is very little literature examining the population
dynamics of P. dendritica. Trowbridge (1992) found that the greatest recruitment of slugs
along the Oregon coast was in July at wave protected sites, however there have been no
equivalent studies in the Gulf of Maine.
The positive correlation between surface area of Codium fragile and abundance of
Placida dendritica (Figure 12), suggest that larvae may have been attracted to larger algal
thalli. Not only did larger thalli have greater chances for larvae to encounter and settle,
but P. dendritica has been found to preferentially settled on larger C. fragile thalli (Harris
et al. 2005). The presence of larger conspecifics on the thalli was found to enhance the
growth and survival of smaller individuals (Trowbridge 1991b), and the chemicals
released by feeding may also stimulate larval settlement (Krug et al. 1999). The
distribution of slugs during most collection dates (Figure 9), and the observation that the
there were individuals of different sizes agreed with both of these findings. On the other
hand, these patterns may be overshadowed by mass spawning events (such as that
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observed on July 29) where there were enough veligers in the water column so that every
C. fragile thallus was occupied (Figure 9).
Evaluation of Photosvnthetic Capabilities
Oxygen consumption experiments revealed that there was no net production of
oxygen in Placida dendritica (Figures 14 and 15). Although growth experiments
indicated that photosynthesis alone could not sustain P. dendritica (Table 5), the presence
of dissolved inorganic carbon (DIC) in the culture container was not accounted for. It is
possible that there was not enough DIC to be used for carbon fixation. However, even
among sacoglossan species that are able to retain chloroplasts for long periods of time,
there is significant weight loss after periods of starvation (Clark et al. 1978).
Photosynthesis is, at best, only able to sustain metabolic activity, and does not provide
enough energy for growth (Clark et al. 1978; Raven et al. 2001). Although my
experiments agree with the findings of several other researchers (Greene et al. 1972;
Clark et al. 1990; Evertsen et al. 2009), all of the cited experiments (as well as my own)
evaluated P. dendritica that had fed on Codium fragile. Raven et al. (2001) found that
when P. dendritica was collected from and fed Codium galeatum, as much as 22% of the
carbon intake of the animal came from photosynthesis. It is also known to grow faster
and reach larger size when feeding on Bryopsis spp. than on C. fragile (Trowbridge
1991a; pers. obs.), which could be due to photosynthetic activity. The responses to light
displayed by P. dendritica in my studies could be a response to its ability to retain active
chloroplasts from various sources.
Placida dendritica is small and has limited defensive capabilities (Trowbridge
1994). It would be expected that such an animal would avoid predation by moving into
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dark environments (Weaver et al. 1981). Indeed P. dendritica has several abundant
predators, most notably the brachyuran crab, Carcinus maenas (Harris et al. 2005). The
fact that P. dendritica moved out of complete darkness and into brighter areas in the test
chambers could be an attempt to maximize the exposure of sequestered chloroplasts to
sunlight. In a study of five different sacoglossan species, Weaver et al. (1981) found that
species capable of harboring active chloroplasts preferred light to darkness and species
that had no active chloroplasts preferred darkness over light. Placida dendritica may
retain active chloroplasts from other food sources (e.g. Bryopsis spp., and Codium
galeatum), and it retains the light seeking behavior even though chloroplasts from
Codium fragile don't provide any benefit. The observed movement could also have been
an attempt to find food, as there was no C. fragile in the test chamber, and in nature they
would be more likely to find food in a well lit area.
Increased oxygen consumption in the light, although not significant, and
movement away from unshaded areas may be indicative of a behavioral response aimed
to protect chloroplasts. The slugs that were kept in the light may have been attempting to
find shade, thus using more oxygen as they moved around; hence, preference for shaded
regions in the test chambers may have been an attempt to avoid damage to photosystems
(Weaver et al. 1981; Schmitt et al. 2011). With the sun directly overhead, clear coastal
water at ten meters depth (where most Codium fragile was collected) would allow
approximately 295

9
1
m" sec" (Jerlov 1976), significantly greater than the light in the

phototaxis experiments. However, the irradiance at ten meters decreases as both turbidity
and latitude increase (Jerlov 1976). At most times in the Gulf of Maine it would be more
comparable to the irradiance in the oxygen consumption experiment (146 nE m~2 sec"1).

Because intense light damages photosynthetic mechanisms, flowering plants and
algae have several mechanisms in place to protect against photoinhibition. Many of these
mechanisms are still present in chloroplasts taken in by sacoglossans. The function of
photochemical quenching has been demonstrated through the use of pulse amplitude
modulated fluorometry (Vieira et al. 2009). Nonphotochemical mechanisms, particularly
the xanthophyll cycle, are also active to some extent in sacoglossans (Jesus et al. 2010).
Without algal nuclei, animals are unable to synthesize many of the proteins and
compounds needed to maintain these mechanisms; however the animals have behavioral
adaptations that protect chloroplast function. In members of the Plachobranchoidea
(parapodia bearing sacoglossans) exposure to intense light causes the animals to curl their
parapodia, and the strength of this reaction correlates with duration of retained
chloroplast function (Jesus et al. 2010; Schmitt et al. 2011). Although sacoglossans do
seek light over darkness, the preference tends to decrease as light intensity increases
meaning that the sacoglossans seek a specific light level (Weaver et al. 1981).
Conclusions
Due to the timing of the surveys, there was inadequate time to sample an entire
year, which would have revealed annual settlement patterns. In addition, more Codium
fragile thalli should have been sampled at each visit in order to get a better idea of how
Placida dendritica larvae settle in a particular area. The sharp increase of small animals
seen in July indicates that P. dendritica is able to saturate an area, which means that its
other potential food species, such as Bryopsis plumosa, will be negatively impacted and
become very rare.
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While there have been several studies examining the potential for Placida
dendritica to gain nutrition from photosynthesis, there appears to be none that have
compared its different diets. The results of this experiment confirm that the chloroplasts
from Codium fragile are not photosynthetically active; however, the behavior of P.
dendritica in response to light indicates the possibility of retaining active chloroplasts
from other species of algae. Direct comparison of chloroplast function from different
sources could help to understand how this adaptation has developed.
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GENERAL CONCLUSIONS
Most studies of sacoglossans have focused on their ability to use chloroplasts
from other organisms, and related anatomical and physiological adaptations. As such,
there is a lack of ecological information, particularly related to species found in the Gulf
of Maine. Most of these studies have been limited temporally and spatially. Hence, longterm observations and measurements of animal and algal populations are necessary. In
the case of Alderia modesta, monitoring over several years will provide better
understanding of how large-scale changes (such as climate change and eutrophication)
will affect the survival of specialist herbivores and their food. For Placida dendritica,
long-term studies will help to predict how the spread of an introduced food species will
can indirectly affect native species by increasing the abundance of specialists.
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